Abstract-Detection of moving objects concealed behind a concrete wall corner has been demonstrated, using Doppler-based techniques with a stepped-frequency radar centered at 10 GHz, in a reduced-scale model of a street scenario. Micro-Doppler signatures have been traced in the return from a human target, both for walking and for breathing. Separate material measurements of the reflection and transmission of the concrete in the wall have showed that wall reflections are the dominating wave propagation mechanism for producing target detections, while wave components transmitted through the walls could be neglected. Weaker detections have been made of target returns via diffraction in the wall corner. A simple and fast algorithm for the detection and generation of detection tracks in down range has been developed, based on moving target indication technique.
I. INTRODUCTION

C
OVERT information collection with surveillance sensors is a valuable ability in urban environment, e.g., in military operations or in related civil security engagements. Radar sensors provide an example of this, as they have potential for "seeing" around corners using the reflection, diffraction, and transmission of electromagnetic waves, both indoors and outdoors. Considerable research efforts have been directed toward the related application of observation through the walls, e.g., [1] - [12] . However, this is not the case in the application of interest here, which induced the Swedish Defence Research Agency (FOI) in 2006 to initiate a project entitled "Radar for detection of human activities around corners." The work in the project proceeds in steps with an increasing degree of realism of the scenario, including targets, as the main change between the steps. The emphasis is on radar measurements, but some supporting simulations and separate material investigations are being made in the progression. The radar investigations in each step consist of sample measurements, performed to give an indication if the see-around-corner principle can be expected to work well enough to warrant a progression to the next step. A possible application-oriented radar system design for a final realistic environment will require a fuller variation of parameters and detailed electromagnetic field simulations. We started in 2007 with a stylized model setting with metallic walls and target reflectors of simple shape in a well-controlled movement and have proceeded to concrete walls and a human target.
The radar findings of the mentioned previous work [13] - [16] , made at X-band frequencies centered at 10 GHz, demonstrated the capacity of Doppler techniques to detect moving objects consisting of radar reflectors and a human target, with no direct line of sight (LOS) between the objects and the radar. To our knowledge, these findings are the first published ones demonstrating the potentiality of this application.
Since there is no LOS in our application, the target return arrives at the radar via indirect paths involving reflection, diffraction, and possibly refraction. In a varied environment, the wave propagation from the target will reach the radar along many paths. Thus, multipath propagation is a central topic for analysis in connection with detection and tracking. Some results that are relevant to our work can be found in other related applications in urban surveillance in the literature. For instance, in [17] , a quasi-analytical model for non-LOS (NLOS) propagation assuming multiple specular reflections in buildings is derived to evaluate radar coverage from an airborne radar platform. The model predicts that NLOS could offer a significant improvement in coverage rate. The same application-airborne localization and tracking of vehicles within urban canyons utilizing multipath propagation between buildings-is being studied in Defense Advanced Research Projects Agency's Multipath Exploitation Radar program [18] , with published results from simulations [19] and from supporting ground-based measurements [20] . In the latter work, the electromagnetic phenomenology was studied at X-band, including field strengths and spatial coherency of the energy reflected from building walls.
In the through-the-wall application, the potential use of multipath returns for detection and tracking has been analyzed in [21] . In this latter application, various clutter cancellation techniques have been applied for observing human targets with some movement, e.g., [9] , [22] , and [23] . The techniques are based on forming some difference between subsequent recordings of a target scene, in order to eliminate nonmoving clutter [moving target indicator (MTI) filtering]. In [22] , this difference is made of subsequent returns of monochromatic transmissions, whereupon a fast fourier transform (FFT) of the cleaned data displays the breathing spectrum, however, with no range discrimination. In [23] , where the waveform is an ultrawideband impulse, two methods for forming the difference are used to implement an MTI filter: For human micromotion detection, the average of all received pulse echoes is subtracted from the currently received one, whereas for macromotion, a pulse canceller is used [24] .
Our present paper is a continuation of the mentioned FOI work, presenting further processing of the data of the human target, which has resulted in the detection of breathing, with a characteristic Doppler signature. Also, a simple algorithm for fast detection and track generation in down range of a moving object behind the corner is introduced. The approach is basically that used in the through-the-wall case of [9] , applied with some additions to reflector measurement data in our multiwall scenario. We have also made separate new measurements of the reflection properties of building materials, including the light concrete block material used for the walls in the test-range setup of a corner model.
II. EQUIPMENT
A short description of the equipment used for the radar measurements is given here. More details can be found in [15] .
The measurements were conducted on the FOI test range. The arranged setup, shown in Fig. 1 , was intended to mimic a street scenario on a reduced scale. It consisted of two perpendicular wall sections of light concrete forming a corner at the right, with an opposite wall at the left.
The light concrete building blocks which formed the walls, each measured 20 × 20 × 60 cm 3 (width × height × length) and weighed 16 kg. The blocks were massive with no hollows. Some blocks were of half height, i.e., 10 cm. The overall dimensions of the wall sections are given in Fig. 2 . The distance between the two parallell wall sections was 4.88 m.
Two identical standard gain horns with 30
• × 30
• E × H-plane half-power lobes were used for transmitting and receiving antennas, respectively, stacked vertically on a tripod (at the far right in Fig. 1) , with horizontally adjusted axes. The transmitting horn was placed with its axis 12 cm above that of the receiving horn and 1.40 m above the ground. In azimuth, they were either directed obliquely toward a point on the opposite wall for propagation through reflection, or they were directed toward the wall corner for diffraction around it. Horizontal polarization (E vector parallel to the ground) was chosen throughout. This choice was made with consideration to the higher around-corner diffracted energy that it would give compared to the orthogonal polarization, based on field calculations, [25] , [26] , made for the first series of measurements carried out in this project, with metallic walls. We have not determined the permittivity of our concrete wall material. If we use the published values of the real and imaginary parts of the relative permittivity, ε = 7.7 and ε = 0.33, respectively, for concrete [27] , at about 10 GHz, the field reflection coefficient becomes about 2% lower than for the orthogonal polarization [28] , for a 20-cm-thick concrete sheet, at the value of the incidence angle in our measurements, i.e., 11
• . This is well away from the Brewster angle occurring at about 70
• incidence angle [28] , where the reflection coefficient for the polarization chosen here becomes very small. Generally, the optimal polarization choice will depend on the specific geometry of the setup.
The coherent radar cross-section measurement system of the test range was used, synthesizing the spectrum of a shortpulse transmitted waveform by frequency stepping of a gated continuous wave waveform centered around 10 GHz. The frequency stepping period was 10 μs. In the measurements of human movement, an interval of B = 108 MHz was covered in N = 27 steps of 4 MHz each, which took 0.27 ms. This was the largest processed bandwidth for the data presented here for human movement. Amplitude and phase were recorded on reception. 
III. MATERIAL MEASUREMENT
As part of a more extensive separate measurement program for characterization of building material [29] , we have made free-space measurements of the transmission and reflection of the porous light concrete blocks, which were used for the wall material. The measurements, using network analyzers, were described in [29] and [30] . Briefly, the transmission was determined with the material sample placed in the space between a transmitting and a receiving horn antenna. In order to eliminate disturbing signals, like crosstalk between the antennas and interference with the surrounding, the space between the sample and the receiving horn was enclosed by a metallic box with its inner walls covered with radar absorbing material. Two opposite holes were cut in the walls. One hole served as an inlet and held the material sample, while the outlet hole enclosed the aperture of the receiving horn. In the reflection measurements, the transmitting and receiving antennas, as well as the material sample, were mounted on vertical axes, which enabled rotation of the sample and the receiving antenna, in order to vary the incidence angle. Fig. 3 shows the measured power transmission and reflection coefficients as functions of frequency, for normal incidence toward the façade-forming surface. These coefficients, T and R, are defined as the square of the ratio of transmitted and reflected electric fields to the incident field, respectively, as measured by the network analyzer. The moisture content by weight of the measured block was 23%, the same as for the blocks in the wall during the outdoor radar measurements. The moisture content at a specific point in time was determined from a comparison of the weight of a sample block at that time and the weight after drying in an oven.
As can be seen from the figure, the transmission is more than 30 dB below the reflection at 10 GHz. As mentioned, we did not determine the permittivity for the material and cannot compare this measured difference with an accurately calculated one. We can make a rough calculation using the mentioned published value for concrete, ε = 7.7, ε = 0.33, at about 10 GHz and a water-to-cement ratio of 0.5 [27] . This gives a value of −23.8 dB and −6.5 dB for the power transmission and reflection coefficients, respectively, using standard theory for a 20-cm-thick conducting infinite sheet in air at normal incidence [31] . Higher values of the imaginary part of the permittivity would give proportionally lower decibel-transmission values. Differences in concrete type and physical conditions contribute to the discrepancy between our measured values and the calculated ones. Without knowledge of the exact composition of different investigated specimens, it is difficult to account more precisely for differences in transmission and reflection properties. As an additional comparison, the measurements made by the US National Institute of Standards and Technology of concrete blocks of the same thickness as ours (20 cm) gave transmission coefficients roughly in the −60 to −70 dB range at 8 GHz [32] . However, their density was about 3.5 times higher than that of our blocks, indicating that the concrete was not of our lightweight type. Our material measurements allow us to draw the general conclusion of relevance to the radar measurements that the wave components which penetrate the wall along a direct pathway to the target and back to the radar are very much attenuated and can be neglected compared to the received returns from components propagated through free space, around the corner through reflections in the walls. The measurements have confirmed this conclusion insofar that we have seen no target return that can be ascribed to throughwall propagation. In an indoor situation, where one can expect more transparent wall materials, through-corner propagation may become significant.
IV. SIGNAL PROCESSING
Three signal processing methods were used for radar measurements. The initial analysis, aimed at detection of the reflector targets in uniform motion, was made using standard Doppler signal processing, including a 2-D FFT processing, e.g., [15] , [33] . The first transform, an inverse FFT, takes the N samples of each frequency sweep of bandwidth B into a range profile, while the second FFT transforms the samples of the same range cell ("gate") from consecutive frequency sweeps to provide Doppler information. The detection is then made in a specific gate, guided by good knowledge of the location of the reflector target as a function of time. The range resolution is given by c/(2B) [24] , where c is the velocity of light.
A variant of the described method is used for the second choice. It is the short-time fourier transform (STFT), intended to follow the time development of the Doppler shift of a target moving with nonuniform speed [34] . For this, we have used the standard MATLAB spectrogram routine.
The third method, aimed at automatic fast detection and down-range track generation of objects, is an MTI algorithm. It will be described in more detail in Section VI.
V. MEASUREMENTS OF HUMAN DOPPLER
A. Walking
Measurements of the radar signatures of two forms of human movement are reported here, viz., walking and breathing. The person walked along a rectangular path in the region between the two parallel wall sections in Fig. 1 . Some results were described in [15] together with the comparison of the model signature of [35] . Fig. 4 is a further example with improved grayscale representation of the two dominating "micro-Doppler" signatures appearing in a specific range gate in the radar shadow zone behind the corner. Fig. 4 has been generated using the standard MATLAB spectrogram routine involving sliding 64-point STFTs, corresponding to 0.3-s interval with 75% overlap and Hamming weighting. The range resolution is 2.2 m, given by the width of the processed frequency interval. The tentative identification made in [15] of the signature was that it consists of returns from the torso and the legs, respectively.
One may note the simultaneous appearance of two time/ velocity tracks in Fig. 4 , one stronger at positive and one weaker at negative velocities, respectively, being mirror images of each other. This could be interpreted as two wave components arriving in the same gate, having propagated different paths whose lengths differ by less than the range gate depth of 2.2 m.
Figs. 5 and 6 show two possibilities, which are consistent with this requirement and with the opposite Doppler signs. One notes a gradual increase in intensity with time for the upper signature track in Fig. 4 as opposed to a decrease for the lower track. One possible qualitative interpretation is that this is a consequence of two influences on the radar return. The first is a dependence of the target return on the synthesized pulse shape in range. The second, only relevant for the pathway in Fig. 6 which involves diffraction in the corner, is a strong dependence on the angle β, a measure of the target's advancement into the shadow region. The mentioned dependences work as follows: About the shown position of the target in Figs. 5 and 6, the propagation lengths along the antenna beam center paths are equal for the two respective pathways. At this point, the target is located at the beginning of the considered range gate, i.e., in the short-range part. When the target moves from this point toward the corner A of the rectangular path, the radar return shown in Fig. 5 shifts into the range gate toward longer ranges, whereas the return shown in Fig. 6 moves in the opposite direction, out of the gate. This would give the intensity development shown in Fig. 4 . An additional contribution to this development for the case in Fig. 6 is provided by the strong decrease of the radar return via diffraction in the corner as a function of the increased angle β [25] , [26] . This contribution is the major one. The given arguments should be seen as presenting possibilities in agreement with the data. Stronger claims would require support from quantitative field calculations, which are beyond the scope of this paper.
We have discussed two dominant pathways consistent with a specific measurement. Generally, even in this relatively "clean" environment, the multipath situation is quite complex, with both monostatic and bistatic propagations, including reflection and diffraction. The interpretation of data in this situation needs careful treatment. The illumination of the scene from several aspects, shown in Figs. 5 and 6, could possibly be taken advantage of, since it contains information for target location, for example. We will discuss this topic further in Section VI.
B. Breathing
We have detected human breathing of a person sitting on a chair, deep in the shadow region behind the corner as shown in It turned out that the STFT signal processing scheme used for the analysis of walking did not produce the clearest detection. The integration intervals will be too short in this case, and the low speed of the body parts participating in the movement is not distinctly separated from the returns from stationary background (zero-Doppler). Instead, the movement emerges clearly in the time functions of the amplitude and the phase of the signal in the range gate containing the human target, with a background subtraction to eliminate returns from stationary objects in the gate. Since no special background measurement was made on the scene without target, we instead used the target recording during approximately 15 s without breathing, preceding a 30-s interval with breathing. The mean value of the complex signal during the 15 s was taken to represent stationary "background" and was subtracted from the target recording in the same range gate. Fig. 8 shows the resulting amplitude curve versus time, with annotations of the activities of the person. The pattern during the breathing has a period of about 4 s, in accordance with the real movement. Fig. 9 shows the result of a fourier transform (FT) (Doppler integration) of the complex signal from the person (with subtracted background) over the 30 s of breathing. The residual stationary background is seen in this velocity diagram at zero velocity. Furthermore, at least five spectral peaks are seen at both negative and positive velocities, with approximately equal separation Δ = 0.0036 m/s between two adjacent peaks. The pattern corresponds to the side-band pattern associated with an object with temporally sinusoidal vibrational movement along the radar propagation direction [36] . Modeling the breathing with such periodic movement of the form sin(ωt + k sin Ωt), where ω and Ω are the angular frequencies of the incident wave and vibration, respectively, and k is a modulation coefficient, the period of the movement can be calculated from the measured value of Δ. If T = 2π/Ω is the period of the vibration, one has with λ = 3 cm, that T = λ/(2Δ) = 4.1 s, in agreement with the breathing of the test object. Hence, we conclude that the pattern is associated with the breathing and is not some form of interference. In addition to the pattern of side-band peaks, there is also a pedestal between approximately ±0.015 m/s, probably also due to the breathing movement, which is not of the exact sinusoidal form assumed in the model but also contains other more irregular components.
The detection of breathing in the shown case (Fig. 8) can be made almost equally well without any background subtraction since regular breathing movement appears with approximately the same signal to noise ratio in the raw data signature (not shown) prior to subtraction. The subtraction produces in the shown case a smoother baseline. The procedure in the form applied here should be seen as an offline postprocessing method where one is not hard-pressed for time but can analyze the collected data to pick a suitable reference background. In a real dynamic situation, one has to resort to some faster automatic scheme. An example will be presented in Section VI in the form of an MTI-like Doppler detection algorithm. There is also a probable detection of breathing from the other propagation path drawn in Fig. 7 , which is the diffracted wave, in the case where the person is sitting facing the corner. The same signal processing as for the reflected wave just treated produces the Doppler spectrum shown in Fig. 10 . The same broad pedestal is present between ±0.015 m/s, as in the previous case, probably due to the breathing movement. A possible side-band pattern with peaks as in Fig. 9 is hidden in the general background fluctuations. The Doppler velocity spectrum is slightly asymmetric with respect to zero velocity. We believe it to be due to the fact that the backscatter from the human body is very sensitive to the exact geometry of the scattering surface, which is likely to differ slightly between inhalation and expiration, as is the chest speed. The sensitivity is demonstrated by the amplitude variation during the nonbreathing period in Fig. 8 , which results from some very small movement of the upper body.
VI. MTI ALGORITHM FOR DETECTION AND DOWN-RANGE TRACK GENERATION
The above-mentioned results indicate that it is feasible to detect moving objects in the shadow region behind corners, at least in favorable circumstances. The detection, however, is facilitated by the condition that the position of the object is known to a precision of a few wavelengths. No unbiased search has been conducted among data from the whole surveyed area. In a real scenario, the position of a target will seldom be known a priori. Hence, an important task is to find simple, fast, and reliable signal processing algorithms that can be used to extract in real time the signal return from a moving target in a shadow region. For this reason, as a first algorithm development, we have tested a relatively simple and fast MTI algorithm [9] , [24] .
The data used for the algorithm development were obtained from measurements of a metallic sphere, with a radius of 0.25 m, mounted 0.7 m off center on a turntable, on a horizontal arm, producing a circular orbit with a measured period time of 584 s, corresponding to an orbital speed of about 0.0075 m/s. There was no direct LOS between the antennas and the sphere. The antenna main lobes were directed toward the wall corner, but they also illuminated the wall on the opposite side cf. Fig. 11 , which shows the setup with some possible ray paths indicated.
The frequency stepping in this case went from 8 to 12 GHz, in 1001 steps of 4 MHz each. Considering the 10-μs step time between two frequencies, the sampling rate for a complete frequency sweep synthesizing a short radar pulse with this set of parameters could be at most ∼100 Hz. In the measurements, a sweep rate of 50 Hz was chosen.
The signal processing is based on coherent subtraction between different frequency sweeps. This method effectively reduces static background returns and produces a resulting signal originating from the phase shift of the moving object and a residual originating from phase noise. The phase shift difference between the two sweeps has to be sufficiently large to produce an appreciable resulting signal above the noise after the subtraction. A crucial parameter is, thus, the time distance between the two sweeps involved. The slow orbital motion of the target in this measurement (0.0075 m/s) in combination with a high sweep sampling rate will cause small phase shifts if the subtraction is made of consecutive sweeps, which results in no detection. It is, therefore, essential to provide a facility for varying the time distance between the sweep samples in order to be able to detect different object velocities. The subtraction is done in the following manner
where Data is a complex value, p is the sweep number index, and q is the index which represents the time distance between two subtracted sweeps. Table I is a 2-D matrix representation of the arrangement of the frequency/time data.
By using the inverse FFT (IFFT) on the resulting data, it is possible to make down-range plots and, from these, create movies which enable playback of the measurements. By including thresholds in the down-range movies, it is possible to get a plot of detection as a function of time, as can be seen in Fig. 12 . For the smoothing of the down-range plots, a running average filter is used. Fig. 12 shows that it is possible to detect a moving object in the shadow region around a corner, with no direct LOS to the antennas. The different tracks in the figure correspond to different propagation paths of the electromagnetic wave, as shown in Fig. 11 by the different lines, resulting in several peaks in the down-range plots. The long-dashed, short-dashed, solid, and the dotted paths give rise to the detection tracks at about 3, 10, 6, and 7.5 m, respectively (see Fig. 12 ). The sensitivity of this method depends on several parameters, e.g., the velocity of the moving object, the radar system parameters (output power and sweep-rate sampling), and the antenna properties (bandwidth limitations and lobe width). Also, the parameter settings of the offline analysis are influential, like the time distance between two subtracted sweeps, the threshold level in the detection, etc.
It should also be commented on the possibility to position targets via their detections. Since a certain target can be detected at several distances, corresponding to different propagation paths, this information can be combined and used to position the target. To accomplish such a positioning, the geometry of the scattering environment must be known. The actual position is then obtained through relatively straightforward ray tracing. Note, however, that the presence of several targets complicates this procedure noticeably since it is not clear a priori how to decide whether different detections correspond to the same target or not. This so-called association problem is addressed by using Doppler information and by following the detections over time.
Finally, a few remarks should be made whether the Doppler techniques described in this paper are generally applicable. They obviously fail if the probing field illuminating the target is too weak, or lacking altogether, or if the movement producing the Doppler shift is orthogonal to the incident field propagation. In the shadow region behind the corner, this incident field is determined by the superposition of the specularly reflected wave component and the diffracted one, the strength mainly dictated by the former component. Hence, regions of decreasing field strength can be expected away from the beam center of the specularly reflected component. The exact illumination can be quite complex due to the possible multitude of illumination cases cf. Figs. 5 and 6 and depends on the specific geometry. For the diffracted field, there is a rapid decrease of the field strength with increasing penetration into the shadow region (angle β in Fig. 6 ). More specific quantitative statements need field calculations, which are beyond the scope of this mainly experimental paper. In principle, however, there is always some illumination of the target in our scenario due to the existing multitude of propagation paths. This circumstance also produces Doppler shifts irrespective of the direction of the movement. The strength is again dependent on the specific geometry and on the scattering properties of the target.
VII. CONCLUSION
The investigations have demonstrated the possibility with X-band radar to detect moving human objects concealed behind concrete wall corners. The detection was realized with steppedfrequency radar in a relatively controlled reduced-scale scenario using the return from the wave component that reaches the target via specular reflections in adequately positioned walls, or via diffraction in the corner itself, or via a combination of these pathways. Separate measurements of the reflection and transmission properties of the wall material have indicated low transmission through a corner formed by this wall type, leaving the reflected and diffracted wave components as dominant agents for the interaction with targets used for detection. The movements monitored here consist of human walking and breathing. Signal processing with standard 2-D FT, including the STFT, was used to produce time/velocity diagrams of human walking, including both the specularly reflected wave component and the diffracted one. The breathing could be detected clearly in an amplitude versus time diagram. Its Doppler spectrum displayed a characteristic main/sideband component pattern, well-known for a phase-modulated sinusoidal signal. A relatively simple and fast MTI algorithm was tested to extract in real time the signal return from a moving metallic sphere in the shadow region behind the corner. The algorithm is based on coherent subtraction between different frequency sweeps of the stepped-frequency radar. Detection tracks could be produced in a time/down-range diagram upon IFFT of the resulting data.
The successful results of this paper, so far, encourage a continuation of the work, with tests in more realistic full-scale situations as a natural step toward practical implementation. Several problems have to be addressed in the future work. Perhaps, the foremost of these is the managing of the multipath situation, e.g., in the interpretation of data. However, this added complexity could be possibly used for positioning by combining multiple detections of a target, corresponding to different propagation paths, which requires that the geometry of the scattering environment be known.
